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ABSTRACT
This thesis presents the research and development of a real-time vision system
and integration of various subsystems to build the hybrid system for the Laser aided
manufacturing process (LAMP), being developed at the University of Missouri - Rolla. A
description of the real-time control architecture, showing the interaction of the real-time
controller with various sensors and subsystems to monitor and regulate the process is
presented.

Control of melt pool geometry is important for ensuring the final product quality
since the bead size significantly influences the joint strength. However, during the
deposition process, impurities and the plume present around the pool complicate the
image processing thus making the real-time precise measurement of pool geometry a
difficult task. A coaxial view of the melt pool provides us with a symmetrical image
making it easier to compute the geometrical dimensions. In order to monitor the melt
pool geometry in real-time, a novel intelligent vision system was setup. The proposed
system consists of a CMOS sensor with an on-board DSP processing system that
processes images in real-time and provides the processed output through serial port to a
real-time controller. Experiments were conducted to calibrate the image sensor to reduce
the FPN noise and to improve the image resolution by fine-tuning the sensor parameters.
An adaptive image-processing algorithm was developed to reduce the noise in the image
and to extract the weld pool information. It is shown that the vision system along with
proposed algorithms calculates the pool geometry with sufficient accuracy in less than
100ms.
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EMPIRICAL MODELING AND VISION BASED CONTROL FOR LASER
AIDED METAL DEPOSITION PROCESS
Mallikharjuna R. Boddu*, Srinivas Musti^, Robert G. Landers*,
Sanjeev Agarwal , and Frank W. Liou*
*Department of Mechanical and Aerospace Engineering and Engineering Mechanics
^Department of Electrical and Computer Engineering
University of Missouri - Rolla, MO 65409

ABSTRACT
This paper gives a brief description of the laser aided manufacturing process.
Empirical models describing the process dynamics of the laser aided metal deposition
process is developed based on some of the models found in the literature. These models
provide the basis for process planning and real time control. An embedded vision system,
a two color temperature sensor, and a laser displacement sensor are incorporated for real
time monitoring and control of the deposition process. The temperature profile of the
surface and geometric characteristics of the melt pool are studied to ensure consistent
operation of the process.

INTRODUCTION
Lasers have a tremendous impact in manufacturing industries. With laser
innovations, the world is now experiencing the use of optical energy in a wide range of
applications, from materials processing to Rapid Prototyping (RP). The use of lasers, in
conjunction with metal powder, is one of the latest extensions to rapid prototyping, which
had earlier involved plastic parts exclusively. Rapid prototyping using lasers has enabled
the fabrication of complex, near-net shape functional metal parts directly from a CAD
model at a low cost and offers faster turn around. Currently this technology is
implemented under a variety of names such as Direct Light Fabrication (DLF), Laser
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Metal Forming (LMF), Laser Engineered Net Shaping (LENS), Direct Metal Deposition
(DMD), Selective Laser Cladding (SLC), etc. Though the system description and
specifications of each of these vary, they all rely on the same principle of part fabrication,
i.e. layer by layer deposition. A general description of the method of fabricating a part
involves utilizing a laser to melt metal powder injected by a nozzle and laying down clad
tracks via a positioning system having a controlled motion. In some cases the lasers may
be directed along a defined path and tracks are laid down on a stationary table. To control
the deposition process it is necessary to understand the process system mechanics for
which relations among various parameters need to be studied. The optimization of the
process requires the measurements and control of parameters such as the powder feed
rate, process speed, melt pool temperature and melt pool quality. During the last few
years many sensors have been tried; the high cost of such equipment, the lack of real time
or on-line control have led developers to seek other solutions. The use of laser
displacement sensor, temperature sensor and CCD matrix camera with embedded image
processing tools are sufficient to monitor all relevant process parameters. These sensors
with a standard data acquisition card and personal computer enable the operators to
interact with the process and processing parameters.

EMPIRICAL MODELING OF LASER AIDED METAL DEPOSITION
PROCESSES (LAMD)
The process mechanics describing processes such as Laser Cladding, Laser
Forming, Laser Ablation, Laser Welding, Laser Surface Treatment, Laser Metal
Deposition etc., are the same, except for certain variations in the control parameters
describing these processes. Some of these may include powder deposition, with or
without material removal, or the enhancement of metal properties by heat treatment.
These processes require certain factors such as dilution, heat- affected zone, porosity,
clad dimensions, powder catchment efficiency, etc. to be monitored. Identifying the
control parameters and establishing relations to describe these factors forms the basis for
empirical modeling. The first step involved is identification of parameters and
categorizing them into dependent and independent variables based on certain
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assumptions. The need for these assumptions arises from the system’s flexibility to
control certain parameters. Studies have to be conducted by varying these parameters and
determining their effect on the part quality and system performance. Figure 1 shows the
classification and interaction of different system parameters (dependent and independent)
describing the metal deposition process.

Figure 1. General Description Of Interacting Parameters And Their Effect On Quality Of Part

The second step involves developing analytical/empirical relations of the
parameters describing the process. The final step involves fitting these relationships into
models, performing specific experiments to evaluate the model constants, and specifying
the conditions for which these relations hold.
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A. Process Parameters
Powder Feeder: Screw fed powder-feeding systems with a carrier gas is the general
powder feeding system used in many deposition processes. The powder fills the screw
either by weight or by the pressure of a carrier gas in the hopper. The amount of powder
(in weight) being driven by a twin-fluted screw per revolution can be expressed as
( 1)

where m is the powder mass per revolution (gm/rev), r is the feed screw helix lead (mm),
p is the powder density (gm/mm ), and Ad is the cross sectional area (mm ) of one flute
measured at a right angle to the screw axis. In practice, density depends on the hopper
elevation, acceleration (if it is a mobile one), void factor (ratio of the space of air to that
of solid), particle size, powder viscosity, and powder level in the hopper. If Vm is the
motor speed (rev/sec) then the powder mass flow rate M(gm/sec) can be expressed as (Li
et al., 1993)
(2 )

By controlling the amount of powder flowing into the melt pool, the energy input to the
substrate can be controlled, thereby governing the amount of dilution that will occur
(Blake etal., 1985).
Energy Delivery System: The amount of heat input to a process depends on the system
parameters. The heat delivered should be sufficient enough to melt the layers for proper
bonding. Overheating results in more dilution and the part may melt back. The laser beam
diameter at the laser material interaction is defined as spot size (D) and can be obtained
from the relation
(3 )

where D is the laser spot size (mm), A is the laser beam diameter (mm), Z is the laser
nozzle stand off (mm), and F is the focal length of the focusing lens (mm). Specific
energy is defined as
(4)
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where E is the specific energy (J/mm2), v is the traverse speed or feed rate (mm/sec), and
P is the laser power (W).

Powder Utilization Efficiency ( rjp): The powder utilization efficiency is expressed as
the ratio of the powder delivered, to the powder deposited on the substrate within the
duration of the laser irradiation on the substrate. Powder utilization efficiency also
depends on material characteristics such as type, particle size, and shape of powder
particles. It can be expressed mathematically as (Hu et al., 1998)
(5 )

where rjp is the powder utilization efficiency, Wc is the net clad weight (gm), and W is the
total weight of the powder delivered (gm). The total weight of the powder delivered is
given by
(6)

where t is the time (sec).
Lin et al., (2000) performed experiments to determine the attenuation of optical
energy through a focused powder stream and through a columnar powder stream for
different nozzle stand off distances. This helps in determining powder utilization
efficiency since this depends on the amount of energy being delivered to the substrate.

Dilution: Dilution can be defined mathematically as the ratio of the clad depth in the
substrate to the sum of clad height (above the substrate surface) and clad depth. It
determines the amount of the liquid layer that needs to be formed on the substrate to
ensure proper layer bonding. There are several parameters that determine the amount of
dilution. These parameters include the powder flow rate, laser power delivered to the
substrate, and table traverse speed. However the dilution mainly depends on specific
energy. If specific energy is below a certain value (Kmin), bonding between the layers
does not occur, i.e.
(7)
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Also, if specific energy is more than a certain value (Kmax), the previous tracks may melt
back, i.e.
(8)

These values of specific energy can be used as indices in determining the range over
which other parameters can be varied.

Heat Affected Zone (HAZ): The heat-affected zone is the region beneath the bead
which has a different microstructure as compared to the unaffected zone. This may result
in cracking and surface distortions due to the hardening mechanism, particularly in steel.
The width and depth of the HAZ can also be used as indices in determining the range of
variation of other parameters. Specific energy determines the depth o f the heat—affected
zone. For a given powder feedrate, a higher specific energy indicates more energy will be
transferred to the substrate and the depth of the heat-affected zone will increase. Hu et al.
(1998) performed experiments to show that penetration depth increases almost linearly
with increase in the specific energy.

Porosity: Porosity occurs due to cavities between tracks that form from overlapped
tracks or due to the evolution of entrapped gases in the clad tracks. Porosity can be
avoided if the aspect ratio (ratio of the clad width to clad height) is more than five and the
percentage overlap is less than 70% (Steen et al., 1986).

B. Process Model
The quality and surface of finish of the part fabricated by the laser metal
deposition process is determined by the clad geometry and its dimensional accuracy.
Bead geometry can be defined by clad width and clad height, which depend on a number
of other parameters. Empirical relations have to be developed to determine the effect of
these parameters on clad geometry. Specific energy can be used to regulate the clad
dimensions. For a given powder flow rate, the clad width can be regulated by varying the
specific energy delivered to the substrate. Also, the specific energy depends on the laser
spot size and traverse speed, which is evident from equation (4).
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Williams and Deckard (1998) showed that the average part density at a particular
specific energy is greater for a larger laser spot size. The range for which the traverse
speed and laser spot size cause a variation in bead width needs to be determined
experimentally. Also, the range of traverse speed and spot size is limited by the amount
of dilution as seen in equations (7) and (8). Thus, the relationship between bead width
and, traverse speed and laser spot size is (Steen et al., 1986).
(9 )

where W is the bead width (mm) and a is an empirical constant. Hu et al., (1998) showed
that an increase in powder flow rate results in wider cladding tracks provided the other
variables are kept constant and there is sufficient energy available to form a clad. The net
clad weight can be determined from the relation
( 10)

where Wc is the net clad weight (gm). Assuming the cross section of the clad to be a
parabolic arch, clad height can be theoretically defined as
( 11)

where Ht is the theoretical clad height (mm) and A is cross section area of the clad (mm ).
Hu et al., (1998) performed experiments to show that the clad height increases with
increased powder flow rate or specific energy, or with a decrease in traverse speed. An
empirical relation can be developed to determine height, taking these factors in
consideration.
( 12)

where He is the experimental value of clad height (mm) and b is an empirical constant.
The experimental values of clad height can be compared with the theoretical values of
clad height using equations (12) and (13).
Aspect Ratio: Aspect ratio is defined as the ratio of clad width to clad height and is
expressed as
(13)
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From equations (10) and (13), the aspect ratio can be expressed as
Ar = D(\ - av)/ {bM / v)

(14)

Cladding Rate: The cladding rate be expressed in terms of overlap factor (/), clad width
(W), and traverse speed (v) as (Manjuluri, 2001)
C = (1 —i)Wv = (1 —i’)(l - av)Dv

(15)

where C is the cladding rate (mm /sec) and i is the overlap factor, which is defined as the
ratio of the part of the bead overlapped to the overall bead width.

SENSORS FOR LAMD PROCESS
The quality of deposition process using laser aided metal deposition process is
controlled by a large number of interrelated parameters. It is important to monitor and
control these parameters to ensure consistent and efficient operation of the process. We
show in this article, that the use of a two-color temperature sensor, displacement sensor
and a standard CCD camera enables us to control and optimize the laser cladding process.

The CCD camera is used to find the geometrical parameters such as the height
and width of the track in real time. The camera also provides the temperature profile of
the melt pool. This provides the operator with information related to process parameters
like dilution factor and melt pool quality. Dual color infrared temperature sensors
measure the surface temperature of objects without contact. The sensors work is based on
the principle that infrared energy emitted by an object is proportional to its temperature.
The temperature output signals can be input into a computer, for process monitoring and
control. Displacement sensor uses high precision laser to detect small vertical
displacement with 30pm resolution. The advantage with this displacement sensor is that,
it has a reasonable stand off distance (80mm) and works efficiently in high temperature
environment. Table 1 shows important parameters provided by in-process sensors.
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Table 1. Summary of Process Parameters Measured By Sensors
Sensors

Dilution

Quality

Geometry

Efficiency

IR T e m p e ra tu re

A b s o lu te

D il u t i o n

-----

M e lt p o o l

te m p e ra tu re
Im a g in g

te m p e ra tu re

T h e rm a l

C o ld s p o ts , t h e r m a l c o n to u r ,

p ro file

m e lt p o o l p ro file , a n d p o ro s ity

-----

S u rfa c e fin is h

D is p la c e m e n t

B e a d w id th

M e lt p o o l
q u a lity

C la d h e i g h t

T ra c k
d im e n s io n s

A. Shape Measurements
Preliminary experiments were conducted using CCD camera and imaging
techniques to extract dimensions, thermal profile and quality of the molten pool in mild
steel sample fabricated using the LAMD process. A total of 300 frames/run were
recorded at a rate of 30 frames/sec with a CCD camera. The results shown are for mild
steel material, at a laser power of 1500W and traverse speed of 10 mm s _1. In order to
monitor the bead geometry during the process, the CCD camera is installed right on top
of the nozzle head. The image captured in this angle enables us to compute the
temperature variation in the melt pool. The images are captured during the off time of the
pulsed mode operated laser. Simple algorithm is used to calculate the bead length and
width in real-time. The bead height is obtained from the laser displacement sensor. This
enables us to check the track dimensions being deposited online. The system is able to
detect fluctuations in the mass feed rate. As the mass feed rate increases, the height of the
tracks also increases, up to a threshold, after which lack of power prevents the powder to
correctly bond to the substrate. This threshold is a function of the laser power and the
beam diameter. (Griffith et al, 1998) Figure 2 shows the digital image of the molten pool
and the adjacent material created during the processing. The field of view encompasses
approximately 4 mm.
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Figure 2. Sequence of images taken at a time interval of l/60*h of a second during laser off time

B. Temperature Measurements
The knowledge of the thermal behavior is critical to reliable and repeatable
fabrication during LAMD processing. Our initial experiments show promise in both
monitoring as well as understanding the thermal behavior. During the cladding process
the camera scans the melt pool and provides information of the temperature distribution
within the melt pool. O f the images acquired, we take an average in order to remove
unrepresentative features of the distribution like the movements within melt pool and
presence of bursting bubbles during the process, which lead to large fluctuations in
temperature. (Meriaudeau et al., 1997). By processing the images we obtain two gaussian
distributions, the first one (low gray level) is related to the cold areas, the other gaussian
centered on the average temperature contains information about temperature distribution
within the melt pool. (Truchetet et al., 1996) The study of temperature profile of the melt
pool provides us important parameters like dilution and melt pool quality.

Dilution: The powder flow rate and laser power govern the dilution o f the melt pool. An
uneven distribution of the temperature is the result of unmelted powder particles in the
melt pool, due to lower laser power. This introduces porosity and poor mechanical
properties. As the laser power increases, the surface temperature increases resulting in
higher dilution. This causes the melting of previous tracks and residual stresses may be
induced upon solidification (Steen et al., 1986).
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Melt pool quality: Thresholding is performed on the averaged image of the melt pool
cross section to obtain the geometric characteristics and subsequently the melt pool
quality. A well-formed melt pool has a definite boundary with finely distributed powder.
An uneven or jagged boundary is a result of uneven distribution of the powder or high
laser power. This is one of the important aspects of quality control.

CONTROL ARCHITECTURE FOR LAMD PROCESS
A closed loop control system is designed to monitor the bead width, bead height
and melt pool temperature during the ongoing process and correspondingly the process
parameters are adjusted in order to achieve desired performance. The control architecture
to optimize the laser deposition process is shown in Figure 3. Adaptive optimal controller
based on empirical process model is used to regulate laser power, feed rate, and powder
flowrate to obtain an efficient cladding.

The two-color temperature sensor, displacement sensor and a standard CCD
sensor, monitor the process in real-time and provide the process parameters (as shown in
Table 1) to the adaptive controller. Adaptive controller provides control output in the
form of powder flow rate, laser power and feed rate. The imaging sensor obtains
sequence of images, which are processed using image-processing tools to provide a
feedback to adaptive controller. Empirical models, which describe the process dynamics,
were used to design the adaptive process controller to optimize the LAMD process.

CONCLUSION
An empirical model describing the process mechanics is presented for the LAMD
process. A low cost system using laser displacement sensor, temperature sensor and CCD
matrix camera has been presented which enables the operator to obtain information about
laser cladding process. Some information is available in real-time and can be used in a
closed loop control. The use of CCD technology enables determination of the clad width
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and temperature gradient of the melt pool. We showed that the data provided by our
system enables us to improve the control of the cladding process through an adaptive

Figure 3. Sensor Control Architecture

process controller. Effects of some controller parameters on material processing
are investigated. A statistically designed experimental matrix is used for this study.
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SYSTEM INTEGRATION AND REAL-TIME CONTROL ARCHITECTURE OF
A LASER AIDED MANUFACTURING PROCESS

Mallikharjuna R. Boddu*, Robert G. Landers*,
Srinivas Musti1”, Sanjeev Agarwal1”, JianZhong Ruan*, and Frank W. Liou*
*Department of Mechanical and Aerospace Engineering and Engineering Mechanics
^Department of Electrical and Computer Engineering
University of Missouri - Rolla, MO 65409

ABSTRACT
This paper discusses a hybrid deposition-removal manufacturing system being
developed at the University of Missouri-Rolla. The system consists of a laser system,
five-axis CNC machining center, and powder feeder system. A description of the control
software, real-time control architecture, and integration of various subsystems to build
the hybrid system is given. The interaction of the real-time controller with various
sensors and subsystems to monitor and regulate the process is presented. The
communication between integrated process planning for the system and real-time control
is also discussed in this paper.

INTRODUCTION
Rapid Prototyping (RP) technology has enabled building of parts directly from a
CAD model with reduced lead-time and cost, and improved product quality. There are
some 25 different RP methods available today, 70% of which are laser-based [Steen,
1998]. The laser metal forming systems involve the supply of metallic materials (powder
or wire) into a laser-heated spot where the material is melted and forms a melt puddle
which quickly solidifies into a bead. Examples of laser-based RP systems include
stereolithography, selective laser sintering, directed light fabrication at Los Alamos
National Laboratory, fused deposition modeling, laser direct casting, laser powder
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deposition [Keicher et al., 1995], three-dimensional laser cladding [Koch and Mazumder,
1993], Laser Engineered Net Shaping (LENS™ [Griffith et al., 1996]), threedimensional printing, Laminated Object Manufacturing (LOM), etc. These technologies
provide the flexibility of choosing the part material, which may be a type of metal,
ceramic, composite, etc., in powder form. Many o f these processes have demonstrated the
feasibility of producing near-net shape metal parts with reasonably good accuracy and
improved metallurgical properties. A complete review of the laser deposition process is
provided in Laeng et al., [2000],

Most of the laser—based RP systems are one-step rapid manufacturing processes
that build three-dimensional parts eliminating the intermediate step of die/mould
preparation. However, these systems are only capable of producing near-net shape parts
that require further processing if precision is required. This additional process
necessitates another set-up that, in turn, contributes to geometrical errors and increased
cycle time. A five-axis hybrid RP system consisting of deposition (laser-based) and
removal (machining) is being developed at the University of Missouri - Rolla [Liou et
al., 2001], Precision metallic parts are built in one set-up with increased quality and
productivity. The ability of the system to build accurate parts depends, in part, upon the
system’s ability to monitor and control the material deposition process. This paper
describes the various monitoring and control sub-systems of the hybrid RP system, and
their integration for real-time control of the process parameters governing the laser metal
deposition process.

HARDWARE SYSTEMS
The hybrid system, shown in Figure 1, consists of the hardware sub-systems
listed below.
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Figure 1: Laser Metal Deposition Process Hardware Schematic.

Energy Delivery System
The energy delivery system consists of a 2.5 kW Nd-YAG high-energy laser.
This laser uses neodymium (Nd) as the lasant material doped in yttrium-aluminumgarnet (YAG) crystal and has a wavelength of 1.06 /tm. The laser can be operated in
continuous and pulsed modes. The advantage of this laser is that the energy can be
efficiently delivered using optical fibers. The parameters of the energy delivery system
are the laser power, beam diameter, beam mode structure, and beam focal point. The
specific energy (i.e., the amount of energy delivered to the substrate) depends on the laser
power, CNC traverse speed, and beam diameter and is expressed as E —P/(Dv) where E
is the specific energy (J/mm2), v is the CNC traverse speed (mm/s), P is the laser power
( W), and D is the spot size (mm) (i.e., the laser beam diameter at the laser material
interaction). Thus, in order to regulate the amount of energy delivered to the substrate,
the laser power, beam diameter, and traverse speed have to be adjusted. The melt puddle
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temperature and geometry (i.e., width, height, and length) can be regulated by
automatically adjusting the laser power, powder flow rate, and traverse speed.
CNC Workstation
Conventional laser deposition systems employing three-axis positioning systems
require support material to build overhang features of three-dimensional parts. This
support material increases the part build time and may also lead to poor surface quality at
the regions in contact with the part. Also, the part may need to be transferred to a
machining center for further processing. Often it is difficult to machine the intricate or
hidden features on the built part. To overcome these problems, the laser sub-system has
been integrated with a five-axis CNC machining center. This allows the deposition and
machining in a single set-up eliminating part reorientation. Also, the machining of
intricate and hidden features can be conducted during the deposition process. The nozzle
head is mounted on a vertical linear axis fixed to the Z—axis o f the CNC machining
center. The linear axis positions the nozzle head at the required stand-off distance when
the deposition process begins; however, the Z-axis provides the vertical motion for the
nozzle head during the deposition process. The linear slide moves the laser out of the way
during machining processes. The X, Y, and Z, table positions and velocities are regulated
via the CNC controller. Each linear axis is equipped with an optical encoder that provides
position and velocity feedback.

Powder Delivery System
The powder delivery system consists of two hoppers that hold different materials
with individual motors and feed-screws independently controlling the powder flow from
each hopper. Thus, by regulating the flow of each material, a functionally gradient part
can be built with the required composition. The powder coming out of the hopper is
collected in a splitter, which uniformly distributes the powder into four tubes leading to
the nozzle end. The specially-designed nozzle has annular openings to separate the
powder from the shielding gas. Also, the nozzle end has been specifically designed to
enable the powder to be delivered out at a specific angle to the vertical so that the focal
point of the powder coincides with the focal point of the laser beam emerging from the
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nozzle. This allows maximum powder utilization during deposition. By regulating the
speed of the individual motors, the powder flow rates of the individual hoppers can be
regulated. Also, the powder flow angle can be regulated by varying the inner and outer
shielding gas flowrates.

Control Hardware
The control hardware consists of a National Instrument (NI) PX I-8170/850 850
MHz real-time embedded controller with the following modules: multifunction board
with eight 12-bit A/D and two 12—bit D/A channels, 48—bit digital I/O board, analog
output board with four 12-bit D/A channels, a SCXI low pass filter board with
Butterworth filters, and a two channel serial port board. The embedded controller and
data acquisition and control boards are mounted on a NI PXI-1010 chassis. The real-time
(RT) control system runs a set of monitoring, diagnostic, and control software programs
(detailed below) on the NI Farlap real-time operating system. The applications are
developed on the host PC using the NI real-time Labview programming tool and are
downloaded onto the RT system for execution through Ethernet. The RT system enables
the user to define the priority (low, normal, high) of the monitoring, control, and
diagnostic programs being executed on the RT system. Thus, the RT system runs control
algorithms, processes sensor data, and simultaneously communicates with the host PC to
accept data from the user enabling deterministic, real-time performance.

MONITORING SYSTEMS
Process optimization requires the measurement and control of parameters such as
the melt puddle temperature and geometry (i.e., width, height, and length). The use of
vision, laser displacement, and temperature sensors integrated with the real-time
embedded controller is discussed below.
Vision System
During the laser metal deposition process, the real-time measurement of the melt
puddle geometry is needed to regulate the dimensional features of the bead by adjusting
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the control inputs (e.g., powder flowrate, CNC traverse speed). However, the bead
morphology is not yet settled in the fusion zone as the melt puddle, at locally elevated
temperatures, is still in a liquid form. Thus, it is necessary to measure the geometric
information with a non—contact, non—invasive measurement technique.

The Complimentary Metal-Oxide Semiconductor (CMOS) camera, which
satisfies the non-contact, non-invasive measurement requirement, captures the visible
range of the electromagnetic spectrum. The laser metal deposition application requires
scenes to be viewed and analyzed at high speeds and with very different light intensities
(more than a 60 dB dynamic range - the ratio of largest nonsaturating input to smallest
detectable input). This is a limitation of Charged Couple Device (CCD) based imaging
systems. A CCD camera causes bright lights to bloom, creating unwanted streaks in the
image. An embedded DSP processor-based intelligent machine vision system using
CMOS technology is used to monitor the melt puddle geometry in real-time. The CMOS
sensor offers a high dynamic range, up to 120 dB, making it possible to “see through” the
bloom. This camera can achieve more than 300 frames per second for a window of 100 x
100 pixels. In computing the geometry of the melt puddle, a window of reduced size in
the region of interest (ROI) was analyzed to achieve high sampling rates.

The camera is mounted on top of the nozzle with a beam bender so that it can be
focused on the melt puddle during the process. The melt puddle images are processed on
the DSP board to calculate the bead width and length. These parameters are sent back to
the real-time controller through a serial port as input to the adaptive controller. The
image processing procedure is as follows: 1) an 8-bit encoded image is captured, 2) a
window of reduced size is transferred to the temporary memory of the onboard
processing unit, 3) the image is converted into a binary format by the process of
thresholding to eliminate the noise as much as possible, 4) encoded pixel values of the
processed image are extracted and placed into a two-dimensional array, 5) an image
processing algorithm uses the array to develop and extract the geometrical features of the
melt puddle, and 7) the calculated parameters (i.e., width and length) are transmitted to
the host PC through the serial port.
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Laser Displacement Sensor
The vision system provides only two dimensions of the melt puddle. To determine
the bead height, a laser displacement sensor (LDS), with a resolution of 1.5 //m and
calibrated to a standoff distance of 80 mm, is utilized. The LDS emits a laser beam and
detects the deflection in the reflected beam. The height of the deposited layer changes the
standoff distance that, in turn, changes the output voltage. The change in voltage is
proportional to the layer height.

Temperature Sensor
A non-contact dual-wavelength infrared temperature sensor, which operates at a
1.5 jum wavelength, is utilized to measure the surface temperature o f the melt puddle.
Dual-wavelength sensors tend to measure the hottest temperature viewed in the target
area and provide automatic compensation for emissivity variations of some materials.
The sensor is based on the principle that infrared energy emitted by an object is
proportional to its temperature. The temperature sensor is focused on the melt puddle
during the deposition process and outputs a voltage signal proportional to the maximum
surface temperature.

Powder Supply
The powder flow rate and laser power govern the melt puddle dilution. The
powder stream and laser beam have to be properly focused such that the powder is
sufficiently heated and does not stick to the substrate during the process, leading to very
low powder catchment efficiency. Unmelted powder particles in the melt puddle also
result in an uneven temperature distribution that creates porosity and poor mechanical
properties.

In order to cope with fluctuations arising in the carrier gas flow and
corresponding changes in the powder spray geometry, an image analysis was performed
to study the variations in the powder focal point for different inner and outer gas
pressures. The principle is to realize image sequences of the powder stream at various
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carrier and protection gas flow rates. A sequence of images is averaged in order to
remove unrepresentative features of the distribution. An adaptive thresholding algorithm
is used to extract the cross section of the powder stream as shown in Figure 2. A manual
procedure is used to obtain the optimal carrier and protection gas flow rates. The manual
procedure involves the operator who has to measure the distance of the minimum width
of the powder spray geometry from the tip of nozzle (using the PC mouse). The operator
then measures the path and converts the value from pixel to mm using the constants
obtained from the calibration procedure. High accuracy is not the main concern in this
study, hence, no interpolation methods were used.

(a)

(b)

(c)

Figure 2: a) Powder Stream At The Nozzle Captured Using A Strobe Light, b) Average Of A
Sequence, and c) Thresholded Image.

SOFTWARE ARCHITECTURE
The software architecture is shown in Figure 3. The process planning is conducted
on the host PC. The process plan is sent to the interpreter. The interpreter decodes and
executes the process plan one block at a time. Part of the process plan contains
commands for the laser and powder feeder controllers. Other parts of the process plan
contain machine tool code (i.e., G&M code) that is directly sent to the CNC controller
where they are subsequently decoded and executed. The laser controller regulates the
actions of the laser: turn on/off, select mode, etc. The powder feeder controller regulates
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the actions of the powder feeder: turn on/off and implement a control algorithm to
maintain a constant powder mass flow rate. The data logging and processing software
modules interface with the data acquisition and control boards to sense data and output
commands to the various subsystems. The monitoring algorithms process the data and
send it to the various software modules for diagnostics and control. The diagnostics and
supervision system determines if there are faults in the system and what actions should be
taken. This module also supervises the overall software system. Typically, constant
process parameters (e.g., laser power, powder flow rate, CNC traverse speed) are utilized
in the laser metal deposition process. However, the LAMP system is capable of advanced
process control where these parameters are adjusted in real-time to regulate the process
outputs (e.g., melt puddle geometry and temperature).

Hos t PC
process planner

RT Con tr ol S ys te m
process
controllers

interpreter

laser
controller

powder fe e der
controller

diagnostics and
supervision

monitoring

data logging and processing

D I/O

D/A

SCXI

A/D

Figure 3: Laser Metal Deposition Process Software Schematic.

REAL-TIME CONTROLLER
As mentioned previously, bead height, bead width, bead length and average
temperature of the melt puddle are the output parameters and are accessible for
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measurement in real-time. Laser power, CNC traverse speed, and powder flowrate are
the inputs that can be adjusted to regulate the outputs. An analytical model was
developed to relate the output parameters taking into consideration the dynamics and
nonlinearities involved in the laser metal deposition process. This model is based on mass
balance, momentum balance, energy balance of the melt pool and the heat conduction in
the substrate. Sensors (described above) are employed for real-time identification of the
output parameters and feedback in a closed-loop geometry and temperature control
system. A laser displacement sensor clamped behind the nozzle is used to measure the
bead height. The temperature of the melt pool is obtained in real-time from the
temperature sensor that is constantly focused on the melt pool. The CMOS camera
mounted co-axially over the nozzle constantly monitors the melt pool. The images
obtained from the camera are processed in real-time to obtain the melt pool length and
width. The outputs from these sensors are used as feedback to a controller that regulates
them to the specified/reference values by modulating the process inputs parameters. Also,
the dynamics involved in the powder feeder and X, Y, and Z-axes of the CNC is taken
into consideration. A Smith Predictor-Corrector algorithm is used to account for the
delays due communication of the CNC and vision system with the RT system via RS 232
ports and physical transport delay in the powder feeder. Multivariable control techniques
are used to account for multiple control inputs and outputs, and parameter estimation is
employed to account for process variability.
Off-line process planning, simulation, and tool path generation for the hybrid RP
system allow the designer to visualize and perform part fabrication from the host PC.
Using STL models, the Laser Aided Manufacturing Process Planner generates a
description that specifies the contents and sequences of operations. The results consist of
properly sequenced tool paths for both deposition and machining processes. The RT
system, discussed above, downloads the part program (in G&M code) from the process
planner on the host PC before the operation begins. Special G&M codes are utilized to
control the laser and powder feeder sub-systems. The RT system interprets the G&M
code during the operation. As discussed above, the RT system directly regulates the laser
and powder feeder sub-systems. When a block of G&M code pertaining to the CNC
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machining system is encountered, the RT system downloads the G&M code directly to
the CNC machining system. The off-line process plan only defines the general steps
necessary to build a part and modifications may be necessary. The RT system monitors
various aspects of the hybrid RP process, such as accumulated deposition height, to make
on-line decisions as to the process state. For one layer of deposition, if the quality is not
satisfactory, the RT system will stop downloading motion commands and upload the
quality information to the process planner. Then, the process planner will generate
motion codes or modify process parameters to repair or remove the layer. After the
current layer is completed, motion codes are again downloaded and the hybrid RP
machine continues to build the unfinished part; therefore, communication between the
process planner and the real-time control system is important to guarantee deposition
quality.

SUMMARY
This paper has discussed a hybrid deposition-removal manufacturing system
being developed at the University of Missouri-Rolla. This hybrid system is novel in that
complex, precision parts can be produced in one set-up. Also, the workstation has five
axes of motion minimizing the need for support structures. The system consists of a laser
system, five-axis CNC machine, and powder feeder system. The control hardware and
software, monitoring system, real-time control architecture, and integration of various
subsystems were described. The real-time control system is capable of effectively
monitoring and regulating the laser deposition process such that productivity and quality
are maximized.
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ABSTRACT
This paper presents the research and development of a smart embedded vision
system to monitor and control the Laser Aided Manufacturing Process (LAMP) being
developed at the University of Missouri - Rolla. Melt-pool geometry is a crucial factor in
determining the deposition quality. However, the real-time precise measurement of pool
geometry is a difficult task. It has been shown that vision sensing is a promising approach
for monitoring the melt-pool geometry. In this case, the vision technology is utilized to
determine the actual dimensions of the melt-pool in real time and feed this data to a
controller to regulate the deposition process. Impurities and the plume present around the
pool during the deposition process complicate the image processing. The system
proposed in this paper consists of a CMOS sensor with an on-board DSP processing
system that processes images in real-time and provides the processed output through a
serial port to a real-time controller. Image acquisition, image processing, and feature
extraction are done on board. The CMOS sensor offers higher dynamic range over the
conventional CCD sensor, which helps to look through the bloom, a major concern with
laser deposition applications. This camera also offers random access to any region of
interest on the acquired image. It is shown that the vision system, along with proposed
algorithms, calculates the pool geometry with sufficient accuracy in less than 100ms. The
temperature profile of the melt-pool is also studied to ensure consistent operation of the
process.
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INTRODUCTION
Rapid prototyping (RP) technologies have enabled building of parts directly from
CAD models with reduced lead-time and cost and improved product quality. Laser aided
RP is advancing the state of the art in fabrication of complex, near-net shape functional
metal parts by extending the laser cladding concept to RP. By using this process, parts
with higher dimensional accuracy can be built. Laser based cladding produces a smaller
heat affected zone as compared to the arc process and hence, results in less work piece
distortion. The laser aided manufacturing process (LAMP) being developed at University
Of Missouri-Rolla (UMR) combines laser deposition and machining processes to develop
a hybrid rapid manufacturing process to build functional metal parts. The substrate is
moved relative to the laser beam in a regulated fashion to deposit clads consisting of
overlapping beads of finite height and width. The scientific challenge is how to
accurately control the physical dimension and microstructure of these clads in real time.
Close control of dimension will result in substantial savings in post process machining
cost. For successful deposition, the laser metal deposition process should be well
designed and controlled.
Many of the welding applications like gas tungsten arc (GTA) welding and laser
based welding share a similar principle of operation to that of laser cladding. A common
problem with GTA welding and laser based applications is the intense illumination
generated at the melt-pool. This hinders the vision system from viewing and measuring
the melt-pool accurately in real-time. In both the applications, weld pool geometry is a
crucial factor in determining the welding or deposition quality. Principally, pool
oscillation [1], ultrasonic sensing [2] and infrared sensing [3] have been used to detect the
weld pool geometry indirectly. However, the vision based method has proved to be more
precise and promising for the direct measurement of the weld pool geometry. In recent
years, vision-sensing systems have been used in a wide variety of applications to reveal
weld pool dynamics for weld width control and also for seam tracking. Vision-based
measurement and closed loop control of the weld pool geometry have been proposed and
implemented earlier for welding applications [4] [5], Such systems use a miniature
camera mounted coaxially to the torch to view the weld pool such that the intense plasma
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generated by the arc is blocked from view by the electrode. However, the plasma
generated by laser welding is relatively stable as compared to conventional arc welding.
It results in less fluctuation of the light incident on the weld pool surface, providing a
more consistent image quality, which is easier to analyze. In another approach [6], a line
scan camera was used to focus on the molten weld pool directly to measure and control
the puddle width. However, the response times for the control system were found to be
around 10 to 20 sec, limited by the response times of the of the line scan camera used.
However, all of these systems reported in the literature suffer from two common
drawbacks, non real-time response and lack of higher dynamic range. In this paper we
present the LAMP Smart Vision System (LSV), which uses an embedded CMOS camera
that processes images in real time and provides the processed output through a serial port
to a stand-alone, real-time controller. Online measurements while the melt-pool is still in
the liquid state offer the advantage of obtaining the length and width of the melt-pool
during the process and, thus, can be employed for online control. Melt-pool width being
related to bead width serves to control the physical dimensions of the part. The LSV
system is used to compute the melt-pool dimensions for the laser based metal deposition
process in real time. The objective of this approach is to maintain a constant melt-pool
geometry parameter by adjusting process input parameters such as laser power, powder
flow rate and axis table speed. Heiple et al., [7], have reported that temperature gradients
on the weld pool surface and trace elements in the weld pool affect the surface tension
gradient of the weld pool, and thus affect the weld pool shape. Trace elements in the
melt-pool cannot be controlled online during the process; hence, process input parameters
regulating the temperature gradient have been chosen to manipulate the melt-pool width.

INTEGRATED LAMP SYSTEM DESCRIPTION
This paper summarizes a smart vision system to control a hybrid rapid
manufacturing process to build functional metal parts, which is currently under research
and development at University of Missouri-Rolla. This process uses laser based metal
deposition and CNC milling for material removal, as shown in Figure 1. It includes two
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major systems: a laser deposition system (Rofin—Sinar 025) and a CNC milling system
(Fadal VMC-3016L). The laser deposition system and CNC milling machine work in
shifts in a five-axis motion mode. The laser deposition system consists of a laser and a
powder feeder. The five-axis deposition process integrated with five-axis machining
enables building parts with overhang structures without the use of support structures. The
quality of the deposition using the laser aided metal deposition process is controlled by a
large number of interrelated parameters. It is important to monitor and control these
parameters to ensure consistent and efficient operation of the process. The temperature of
the melt-pool, the thickness of the deposited layer and the physical dimensions and
characteristics of the melt-pool should be determined for feedback control.
The use of a temperature sensor, displacement sensor, and a vision system,
integrated with a real time controller, enables us to control and optimize the laser
cladding process. A coaxial viewing system, which is integrated with a laser
displacement sensor, was developed to determine the bead dimensions in real time. The
melt-pool is viewed through the nozzle, coaxial with the laser. The advantages of such a
coaxial system are that the system is non-intrusive into the melt area and the optical
system is protected by the shielding gas flow. However, the vision system provides only
two dimensions of the melt puddle; hence, a laser displacement sensor is used to
determine the bead height. The laser displacement sensor emits a low power high
precision laser beam and detects the deflection in the reflected beam to determine small
vertical displacement with 8pm resolution at a response time of 500ms. Due to the nature
of the laser deposition process, the temperature sensor is a non-contact type and must
work with the 1.06pm wavelength Nd:Yag laser. Hence a non-contact dual-wavelength
infrared temperature sensor was used to measure the melt-pool temperature. The dual
wavelength temperature sensor operates at 1.5pm wavelength, is designed to measure the
hottest temperature viewed in the target area, and provides automatic compensation for
emissivity variations of greybody materials. The study of the melt-pool temperature
profile provides us with important parameters like dilution and melt-pool quality. The
control system consists of an NI 850 MHz embedded real time controller integrated with
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data acquisition and signal-conditioning modules. The RT system runs control algorithms
and processes sensor data in real-time to regulate the process outputs.

REAL-TIME VISION SYSTEM FOR LAMP
Many researchers have used CCD sensor based vision systems to optimize and
control the deposition process [8] [9]. CCD cameras, coupled with appropriate filters,
were used to view the melt-pool through the bloom and calculate the melt-pool
dimensions to regulate the process. A standard data acquisition card and personal
computer are used to acquire and process information from the vision system. Such a
vision system uses video signals as input to the image capture subsystems and provides
frame rates of approximately 30Hz and field rates of 60Hz for interlaced images.
Processing these images with a resolution of 240 x 320 pixels (and above) in 33.3 ms
(for frames) and 16.67 ms (for fields) presents a significant challenge. The sample time
cannot be devoted completely to the vision system since the intelligent control algorithms
will not be able to complete calculations within the real time constraints. Therefore, it is
very useful to incorporate, into the acquisition system, the capability of processing the
image in order to reduce the information to be treated by the computer.
The common problem with CCD-based vision systems is that they lack high
dynamic range to view very bright scenes. Artificial imagers compare poorly to the
human eye: conventional CCD imagers usually exhibit a dynamic range of only about 5070 dB. CMOS imagers that employ logarithmic readout achieve higher dynamic range up
to 120 dB, but they suffer from the loss of contrast and increased noise. Logarithmic
CMOS image sensors encode high dynamic range scene in a manner that roughly
approximates human perception, whereas linear sensors with equivalent quantization
suffer from saturation or loss of detail. Moreover, the continuous response of logarithmic
pixels permits high frame rates and random access features that are useful in the motion
detection. For these reasons, the manufacturing industry sees logarithmic sensors as a
useful technology for various laser-based applications like laser tracking and monitoring
melt-pool shape.
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The laser metal deposition application requires scenes to be viewed and analyzed
at high speeds and with very different light intensities. Figure 2 shows the melt-pool
images captured by a CCD vision sensor and a CMOS vision sensor. The image analysis
shows that the CCD camera saturates under bright lighting conditions and hence gives a
flat peak, whereas the CMOS camera adapts to bright lights, showing the variations
within the melt-pool. Hence, a CMOS sensor coupled with a DSP processor based
embedded camera system was chosen. This vision sensor provides the necessary
information in real time that is used by the controller for decision-making.
LSV System Configuration
Figure 3 shows the configuration of the LSV system for the laser aided
manufacturing process. The LSV system is mounted coaxially to the laser beam to have a
direct view of the metal deposition process. This system has the advantage as compared
to systems viewing the process at an angle of providing direct dimensions of the meltpool without the need for additional transformations. The setup includes the powerful
stand-alone vision system, which has image capturing, processing and communication
embedded in the same casing. It has a CMOS sensor, which acquires and transfers the
images to the system memory, which is then processed on the 40MHz ADSP processor.
This vision system combines serial, digital, and SVGA data acquisition hardware with a
32-bit DSP processor, a 2MB flash memory, and a real-time operating system. The vision
system is interfaced to the RT-controller by an RS-232 interface to download the
programs and to send the processed data back to the controller. Eight digital I/O lines are
interfaced to the RT-controller to synchronize the capture with other control algorithms.
One of the digital output lines is used as an alarm indicator. When the melt-pool
dimensions go beyond the threshold limits, a high signal is generated on these lines,
which raises an alarm in the RT system. The LSV system also has an SVGA interface to
connect to a PC monitor to view the process in real-time. The camera is fitted with a lens
focused on to the melt-pool for viewing the melt area through the nozzle. The imageprocessing algorithms are coded in the C language and compiled on a host computer. The
resulting executable is downloaded into the LSV system.
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Camera Calibration
Camera calibration falls into two logical subsets, intrinsic and extrinsic. The
extrinsic calibration method was developed to determine the relationship between the
coordinate system of the image (Camera) and the coordinate system of the CNC table.
The camera is mounted coaxially in such a way that it could rotate about the Z-axis;
hence, the rotation angle about a single axis would serve to establish the relationship
between the coordinate systems of the image and the CNC table axis as shown in Figure
4.
A slit, of approximate width of 1 mm, is made on the substrate using the machine
tool to produce a straight line which is perfectly parallel to the y-axis of the CNC table, as
shown in Figure 5(a). This substrate is viewed through the camera as shown in Figure
5(b). The orientation of the slit with respect to the reference axis of the image is
computed and transmitted to the RT system as shown in the Figure 5(c). The correction
angle is stored and a real-time correction is performed on all future data sent by the LSV
system to determine the actual orientation of the melt-pool.
One problem with logarithmic CMOS sensors is fixed pattern noise (FPN); a
substantial but predictable error appears in an image due to natural variations of the
device parameters from pixel to pixel. The intrinsic calibration method has been realized
in order to reduce the resulting non-uniformities and to adapt the CMOS image sensor to
the bright lighting conditions used in our application. As the FPN presents a fixed spatial
distribution (meaning it is not varying in time), it can be therefore easily reduced using a
simple digital offset calibration. Obtaining the calibration image involves the placing of a
special calibration paper before the lens, which acts as a diffuser, where ideally the
resulting image should be uniform. The calibration stage consists of pointing the LSV
system at a typical scene to be imaged through the diffuser, i.e. the melt-pool, and
adjusting the two main sensors’ parameters (offset and gain) according to the specific
lighting conditions. This set-up could be fine-tuned with four other sensor parameters
(range of the AD converter and offset). Image with FPN is subtracted from the uniform
image to determine the individual pixel offsets, which is stored in memory as a
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calibration image. Once calibrated, the LSV system performs a real-time correction of
every image acquired.

IMAGE PROCESSING ALGORITHMS
The image-processing algorithm is divided into three stages, as shown in Figure
6: image-acquisition, filtering, and geometry and orientation extraction. The image from
the CMOS sensor is digitized and stored in a 2-dimensonal array to be processed. The
image-processing algorithm processes and computes the length and width of the meltpool up to 15frames/sec. The primary goal of this algorithm is speed and reliability. The
processing time of the algorithm needs to be fast enough to detect the disturbances that
cause the pool geometry to vary.

Reliability is important because incorrect measurements of the length and width
could cause the control system to become unstable leading to under or over deposition.
The LSV system offers two different image-acquire modes, the random access mode and
the windowing mode.

The

windowing mode offers acquisition rates up to

lOMpixels/second for an image of 100X100, three times the rate offered by random
access mode; hence it was utilized in our application. The image is captured and
processed in the windowing mode, whereby a window, which is just large enough to fit
the melt-pool, is created. This technique analyzes a very small portion of the field,
leading to very high processing times. To enhance the operation speed, images were
acquired in the dual frame buffer mode, which allows the DSP to process on a previous
window image while the next image is being acquired.

Filtering Algorithm
The raw image captured by the CMOS sensor contains speckle noise even after
calibration. This is the result of a processing imperfection in the image sensor. Such
faults appear as white or gray points in the image as shown in Figure 7. A simple mean
filter can be used to cancel the isolated pixel faults, but such a filter would also remove
some of the useful detail in the image. A missing pixel correction algorithm, as described
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in [10], was used to correct the image without significantly degrading the image quality.
The aim of this algorithm is to remove the sensor faults in the image without affecting the
normal edges.

The algorithm uses a non-linear spatial filter to remove the isolated bright and
dark pixels from the image. The filter works by sorting pixels covered by a Nxl mask
according to their grey value. A 5x1 kernel (a, b, c, d, e) was opted for sequential
processing. The value of every pixel in the image is limited between an upper and lower
limit, which is found by extrapolating the neighborhood pixel values. The most
straightforward set of limiting values is the linear extrapolation from two neighbors to the
left (a, b) and to the right (d, e) of the central pixel c. The center pixel is then replaced by
the median of these limiting values, i.e., the middle entry of the sorted list. The upper
bound for c is defined as:
cmax = Max(Average(b, d),2b - a,2d - e)

(la)

The lower bound for c is defined as:
cmin = Min(Average(b, d),2b - a,2d - e)

(lb)

The corrected value of c is then obtained as:
c = Median(c,cmin,cmax)

(lc)

Measurements of Melt-Pool Geometry
The second stage consists of extracting the geometry of the melt-pool to
determine the features such as length, width and orientation. The image is thresholded
before proceeding to the extraction algorithm. By thresholding an image, we seek to
eliminate all information except for the general shape of an observed melt-pool. The
simplest (and most common) way to threshold is to set all pixels of the image matrix M(x,
y) below a certain greylevel say Th to black (grey value 0), and to set all others to white
(grey value 255) as described by equation (2a). A threshold was chosen offline, with a
little offset from the brighter peak in the histogram and is fixed throughout the process.
Figure 8 shows the segmented images before and after the filtering.
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(2a)

The typical shape of the melt-pool looks like an ellipse [11]. A best-fit ellipse
could approximate the shape to calculate the length and width of the pool as shown in
Figure 9(a).

Typically, the axis of the ellipse is in the direction of motion of the table, for
which the length of the minor axis corresponds to the width of the track. Unequal powder
spray geometry and other parameter fluctuations can skew the axis of the ellipse as
shown in Figure 9(b). In such a case, the width of the track is given by the cosine of
position angle times the length of minor axis. Moreover a show in the melt-pool
orientation may point to faults in the process. Hence, orientation of the ellipse is an
important factor in determining the actual dimensions of the track. The geometry
extraction algorithm calculates the length of the major and minor axes and orientation to
determine the dimensions of the melt-pool and subsequently the width of the track. Three
incremental encoders, each on X, Y, and Z-axes of the CNC table, enable us to determine
the position of the table at any given point. A validation programming in the RT system
compares the expected orientation to the actual orientation to verify the results.

The best-fit ellipse approximating the melt-pool is defined by its center (Gx,Gy) ,
its orientation 0, and the length 2a and 2b of its minor and major axes. Melt-pool
measurements were performed using simple lower-order moments. The center of gravity
(GX,G ) of the ellipse is obtained by the spatial moments. Spatial moments of (p, q)th
order are defined as:
M -\

N -1

(3a)

The Zeroth-order moment m00 simply represents the sum of the pixels contained in an
object and gives a measurement of the area. The center of gravity is given by the firstorder moments as x (m, o) and y {mQX) normalized by the area.
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The center of gravity of the image changes continuously due to parameter
fluctuations of the process. Hence, to make the computations translation invariant, we
compute the central moments, which are defined as follows:
AV,=

X ( n -G x Y im -G y y

(3a)

n,meregion

The length of the minor and major axes of the best-fit ellipse is computed by the least and
greatest moment of inertia of the ellipse.
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(3c)

The orientation θ of the ellipse was computed by determining the least moment of inertia.
( 3 f)

A calibration method was designed to convert the number o f pixels to inches.
Different threshold values result in different dimensions of the melt-pool. A series of
experiments were conducted comparing the dimensions calculated by the camera and
measured value of the bead for varying threshold values and the best possible threshold
was chosen.
Temperature Profile Measurements
The spectral response of the image sensor used in the /MVS-155 shows that the
sensor can be used in the non-visible light region between 800nm and lOOOnm (near
infrared). This feature allows the camera to be used for thermal measurements. During
the cladding process the camera scans the melt-pool and provides information of the
temperature distribution within the melt-pool. For the images acquired, we take an
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average in order to remove unrepresentative features of the distribution such as the
movements within the melt-pool and presence of bursting bubbles during the process,
which lead to large fluctuations in temperature [12]. The study of temperature profile of
the melt-pool provides us with important parameters like dilution and melt-pool quality.
A well-formed melt-pool has a definite boundary with finely distributed powder. An
uneven or jagged boundary is a result of uneven distribution of the powder or high laser
power, which can be easily seen from the temperature profile of the melt-pool. This is
one of the important aspects for quality control. The temperature profile of the melt-pool
also helps us to know if the melt-pool temperature is close to the melting temperature of
the metal powder. This is very important when different powders with different fusion
temperatures are mixed since unmelted particles can initiate cracks in the clad, leading to
poor mechanical properties.

CONTROL ARCHITECTURE
The software architecture is shown in Figure 10. The process planning is
conducted on the host PC. Part of the process plan contains commands for the laser and
powder feeder controllers. Other parts of the process plan contain machine tool code (i.e.,
G&M code) generated from the 3D CAD models. The LAMP software architecture is
divided into three modules according to the task they perform

Interpreter
The process plan includes CNC motion commands, laser sequence commands and
powder feeder commands. The interpreter decodes this process plan block-by-block and
channels them to the appropriate subsystems for execution.

Action
The conversion of decisions into commands and signals, which control the
process, is taken care in this module. The intelligent part is of this module is the process
controller which is capable of advanced process control where the constant process
parameters (e.g., laser power, powder flow rate, CNC traverse speed) are adjusted in
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real-time to regulate the process outputs (e.g., melt puddle geometry and temperature).
The laser controller regulates the actions of the laser: turn on/off, select mode, etc. The
powder feeder controller regulates the actions of the powder feeder: turn on/off and
implement a control algorithm to maintain a constant powder mass flow rate. The Direct
Numerical Control (DNC) provides two-way communicating to drip-feed the CNC
controller with large machine tool code (i.e., G&M code) for its continuous execution.
The diagnostics and supervision system determines if there are faults in the system and
what actions should be taken. Drip-feed program transfer can be aborted when prompted
by diagnostic and supervision module for quality inspection. The last program block
transferred to the machine is logged continuously by DNC and can be later resumed from
the point at which it was interrupted.
Sensing
This module interfaces with the data acquisition and control boards to sense data
and output commands to the various subsystems. The monitoring algorithms process the
data and send it to the various software modules for diagnostics and control.

CONCLUSION
This paper has discussed the research and development of a smart embedded
vision system to monitor and control the Laser Aided Manufacturing Process (LAMP)
being developed at the University of Missouri - Rolla. The unique coaxial melt-pool
viewing concept and the real-time measurement of the melt-pool dimensions are
discussed. A DSP embedded vision system with a CMOS image sensor provides an
effective way to acquire quality images for melt-pool detection. An algorithm based on
lower order moments has been proposed to extract the dimensions of the melt-pool in
real-time. It has been shown that the proposed algorithm can detect the pool dimensions
with sufficient accuracy under practical conditions within 100ms. Closed-loop control
architecture is currently being developed using the proposed sensing techniques. The high
sampling rate of feedback control, 1OHZ, provides powerful capabilities responding to
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possible disturbances. The study of a melt-pool temperature profile provides us with
important parameters like dilution and melt-pool quality.
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Figure 1: Laser Metal Deposition Process Hardware Schematic

Figure 2: (a), (b) Melt-Pool Image Taken Using TM9701 Pulnix CCD Camera and the
Intensity Plot of Its Cross Section (c), (d) Melt-Pool Image Taken Using iMVS-155
Fastcom CMOS Camera and the Intensity Plot of Its Cross Section
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Figure 3: Configuration of LAMP Smart Vision System

Figure 4: Camera Coordinate System Aligned With the CNC Coordinate System

(a)
(b)
(c)
Figure 5: (a) Slit Made on the Substrate Using the Machining Tool (b) Slit Viewed
Through the Camera (c) Monitor Showing the Software, Computing the Orientation of
the Slit in Real-Time
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Figure 6: Sequence of Stages in Image-Processing Algorithm

Figure 7: Black & White Isolated Pixel Faults in the Image Due To Imperfections in
Sensor

(a)
(b)
(c)
(d)
Figure 8: (a), (b) Melt-Pool and Its Segmented Image Captured Using Smart Vision
Camera (c), (d) Melt-Pool and Its Segmented Image after Median Filtering
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Figure 9: (a) Melt-Pool Shape Approximated to an Ellipse Model (b) Orientation
Affecting the Bead Width Measurements

Figure 10: Laser Metal Deposition Process Software Schematic
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SUMMARY AND CONCLUSION
This thesis has discussed a real-time vision system and integration of various
subsystems to control the hybrid deposition—removal manufacturing system being
developed at the University of Missouri-Rolla. This process includes a laser deposition
and a 5-axis CNC milling system, which works in shifts to build functional metal parts
with better accuracy and surface finish.
The control hardware and software, monitoring system, real-time control
architecture, and integration of various subsystems were described. The real-time control
system is capable of effectively monitoring and regulating the laser deposition process
such that productivity and quality are maximized.
The unique coaxial melt- pool viewing concept has been described and exemplary
applications in real-time control discussed. The coaxial viewing approach is
advantageous for vision-based control implementation due to the optimum viewing
perspective for detection of the melt-pool features. A smart vision processing system
which has a CMOS sensor integrated with DSP processor based embedded system, is
presented which enables to acquire quality images to obtain the melt-pool width and
length in real-time. Image processing algorithm presented could measure the weld pool
geometry with sufficient accuracy despite the presence of impurities and noise.

The

algorithm is fast enough to be used in a laser aided manufacturing control system as
demonstrated in this thesis. Future works may be directed towards selection of features
and weights using some type of automatic learning system.
The use of CCD technology enables a determination of the width of the track and
the powder spray distribution. The powder stream focus for varying shielding and
directing gas was experimentally measured. The data provided enables to improve the
energy utilization and powder catchment efficiency.
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